Received: 27 January 2023

Revised: 20 May 2023

Accepted: 20 June 2023

DOI: 10.1002/psp4.13008

ARTICLE

A physiologically-based pharmacokinetic model for
tuberculosis drug disposition at extrapulmonary sites

Aparna Ramachandran'” | Chetan J. Gadgil“*?

!Chemical Engineering and Process
Development Division, Council of
Scientific and Industrial Research-
National Chemical Laboratory, Pune,
India

2Academy of Scientific and Innovative
Research, Council Of Scientific And
Industrial Research-Human Resource
Development Centre Campus,
Ghaziabad, India

3Council of Scientific and Industrial
Research-Institute of Genomics and
Integrative Biology, Delhi, India

Correspondence

Chetan J. Gadgil, Chemical Engineering
and Process Development Division,
CSIR-National Chemical Laboratory,
Pune 411008, India.

Email: cj.gadgil@ncl.res.in

Funding information

Council of Scientific and Industrial
Research, India and Department of
Biotechnology, Ministry of Science

and Technology, India, Grant/Award
Number: BT/PR40128/BTIS/37/43/2022

Abstract

Tuberculosis (TB) is a leading cause of mortality attributed to an infectious agent.
TB primarily targets the lungs, but in about 16% cases can affect other organs as
well, giving rise to extrapulmonary TB (EPTB). However, an optimal regimen
for EPTB treatment is not defined. Although the recommended treatment for
most forms of EPTB is the same as pulmonary TB, the pharmacokinetics of EPTB
therapy are not as well studied. To address this gap, we formulate a whole-body
physiologically-based pharmacokinetic (PBPK) model for EPTB that for the first
time includes the ability to simulate drug concentrations in the pleura and lymph
node, the most commonly affected sites of EPTB. Using this model, we estimate the
time-dependent concentrations, at potential EPTB infection sites, of the following
four first-line anti-TB drugs: rifampicin, ethambutol, isoniazid, and pyrazinamide.
We use reported plasma concentration kinetics data to estimate model parameters
for each drug and validate our model using reported concentration data not used
for model formulation or parameter estimation. Model predictions match the
validation data, and reported pharmacokinetic parameters (maximum plasma
concentration, time to reach maximum concentration) for the drugs. The model
also predicts ethambutol, isoniazid, and pyrazinamide concentrations in the
pleura that match reported experimental values from an independent study. For
each drug, the predicted drug concentrations at EPTB sites are compared with
their critical concentration. Simulations suggest that although rifampicin and
isoniazid concentrations are greater than critical concentration values at most
EPTB sites, the concentrations of ethambutol and pyrazinamide are lower than
their critical concentrations at most EPTB sites.

Study Highlights

WHAT IS THE CURRENT KNOWLEDGE ON THE TOPIC?

Several whole-body physiologically-based pharmacokinetic (PBPK) models eval-
uating the pharmacokinetics of anti-tuberculosis (TB) drugs in adults have been

developed with a focus on pulmonary TB. However, these models do not address
the two major extrapulmonary TB (EPTB) sites: pleura and lymph nodes.
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WHAT QUESTION DID THIS STUDY ADDRESS?

This study seeks to formulate a whole-body PBPK model to predict drug concen-
trations at various EPTB sites. We use this new model to predict the pharmacoki-
netics of drugs in extrapulmonary organs.

WHAT DOES THIS STUDY ADD TO OUR KNOWLEDGE?

To our knowledge, this is the first model to study the pharmacokinetics for pleu-
ral and lymph node TB. It provides reasonable predictions in some cases, such as
concentrations of most of the drugs in the pleura. Data are required to validate
predictions at other sites.

HOW MIGHT THIS CHANGE DRUG DISCOVERY, DEVELOPMENT,
AND/OR THERAPEUTICS?

EPTB treatment needs to be addressed and optimized. PBPK modeling can be
used to design new, more effective treatment regimens. This model will serve as

INTRODUCTION

Tuberculosis (TB) is an infectious disease caused by the
pathogen Mycobacterium tuberculosis. It is spread when
aerosol droplets containing the bacteria are inhaled by a
susceptible individual.' The World Health Organization
(WHO) predicts that in 2019, approximately 10 million
people fell ill with TB and 1.4 million people died from
it.> This large mortality number has only continued to
increase, with an estimated 1.6 million deaths in 2021.?
According to the WHO, TB is one of the major causes of
mortality among adults attributed to a single infectious
agent, only surpassed by COVID-19.’ Progress in reducing
global TB burden has been adversely affected as a result
of the COVID-19 pandemic. There has been a significant
reduction in the number of newly diagnosed cases as well
as in access to TB diagnosis and treatment.® In addition,
it has been observed that coinfection with human im-
munodeficiency virus,' or heavy use of corticosteroids in
COVID-19 patients that suppressed the immune system,
led to the reactivation of latent TB.*

Pulmonary TB is the most common presentation of
the disease.” The standard treatment of drug-sensitive
TB consists of a regimen with the following four first-line
drugs: rifampicin, isoniazid, pyrazinamide, and etham-
butol.® TB therapy is composed of an intensive phase of
2months with isoniazid, rifampicin, pyrazinamide, and
ethambutol, followed by a continuation phase of at least
4months with isoniazid and rifampicin.6 However, resis-
tance to these antimicrobials can emerge, giving rise to
drug-resistant TB.

In addition to pulmonary TB, the disease can affect
organ systems such as the lymphatic system, the gastro-
intestinal system, and the central nervous system. This
form of TB that affects any organ other than the lungs is

the starting point for the development of models for EPTB treatment.

referred to as extrapulmonary TB (EPTB). In 2019, about
16% of the reported 7.1 million cases were classified as
EPTB.” Lymph node TB is the most frequent form of EPTB,
followed by pleural TB.>” Other locations of EPTB mani-
festations include the genitourinary tract, skin, bones or
joints, and meninges.”” From the draining lymph node,
the TB bacteria reach extrapulmonary organs via hema-
togenous spread, where monocytes and activated macro-
phages form a granuloma to contain the infection.’

Despite accounting for almost one-sixth of the total TB
notifications, EPTB continues to be overlooked. The rec-
ommended treatment for most forms of EPTB is the same
as pulmonary TB.” EPTB therapy is not as well studied as
pulmonary TB,” and given its prevalence, further improve-
ment and standardization of EPTB treatment is necessary.
Physiologically-based pharmacokinetic (PBPK) modeling
can be employed to predict the in vivo distribution of an-
ti-TB drugs. Such mathematical tools can complement
preclinical studies of drugs, reducing both time and re-
sources used in drug development.

Several whole-body PBPK models evaluating the phar-
macokinetics (PK) of first-line anti-TB drugs in adults have
been developed. These have been summarized in Table S1.
None of these models simulate the PK of all four first-line
drugs at relevant EPTB sites. To our knowledge, only one
study models EPTB treatment through a PBPK model. The
model is used to predict the time-dependent tissue con-
centration of delamanid relative to its minimum inhibi-
tory concentration (MIC) at extrapulmonary sites such as
the brain, heart, and liver.® However, this model is a single
drug distribution model that does not include the pleura
and lymph nodes, which are important sites of EPTB.

We develop a PBPK model to study the temporal dis-
tribution of the four first-line anti-TB drugs in humans,
specifically at extrapulmonary sites. In our work, we
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formulate a whole-body human PBPK model that for
the first time (i) includes drug distribution to pleura and
lymph node and (ii) simulates the time-dependent tissue
concentrations of all four primary anti-TB drugs at these
and other EPTB sites. We use the model simulations to
examine the predicted concentrations at extrapulmonary
sites relative to the effective concentrations of the drugs.
We employ available concentration data of the drugs to
calibrate and independently validate our model. A dis-
tinctive feature of our model is the analysis of drug PK in
the pleural fluid and the lymph nodes, prevalent sites of
EPTB. Slow and rapid metabolizers of isoniazid are con-
sidered as discrete cases, each with different absorption
rates and clearance (CL). Such PBPK studies can help
evaluate the effectiveness of currently prescribed treat-
ment regimens for EPTB and help develop and evaluate
potential new protocols.

MATERIALS AND METHODS
Model formulation

The structure of the whole-body PBPK model is adapted
from Lyons et al.” A mass balance on the drug in individ-
ual compartments leads to a system of ordinary differen-
tial equations (ODEs). The rate of change of amount of
drug A in a tissue/organ T is described using the follow-
ing general equation:

dAg
T=QT><cA_(QT_LT)xc\,T—(LT><CVT)—FT><CL><CVT

Where Qp (L/h) is the flow rate to and from the tissue/
organ; Ly (L/h) is the lymph flow rate from tissue/organ
T; C, (pg/ml) is the drug concentration in arterial blood;
C;, (L/h) is total systemic CL of the drug; Fy is the fraction
of total CL apportioned to T (set to zero if no CL occurs in
T); and Cyp (ng/ml) is the drug concentration exiting T with
Cyr = C1/Pp, where Cy is the drug concentration in tissue
T and P is the tissue:blood partition coefficient. Amount of
drug in tissue T'is Ay = Cp * Vi, where V is the volume of 7.

Model parameters
Physiological parameters

Cardiac output and afferent lymph flow rate were based
on previously reported values. Tissue volumes, blood flow
rates, and lymph flow rates were taken as fractions of body
weight, cardiac output, and afferent lymph flow rate, re-
spectively, for a 70-kg man. These fractional values were

also taken from previous reports. All of these reported val-
ues are listed in the Tables S2 and S3 in the supplementary
information (Appendix S1). No lymph flow was consid-
ered from the spleen and bone compartments. Fractional
tissue volume, blood flow rate, and lymph flow rate for
the compartment representing the rest of the body were
calculated as the remaining fraction.

Tissue:plasma partition coefficients

To determine the tissue:plasma partition coefficients (Pr)
for the four drugs, the Rodgers and Rowland method'®"!
was employed. This method predicts the partitioning of
a drug into a tissue by estimating the drug's distribution
into tissue constituent lipids, phospholipids, proteins, and
water. Reported rat tissue composition data for the tissues
and organs were used. Values for different properties of
blood cells and plasma were assumed to be those used
by Rodgers and Rowland.'®** Values for relevant chemi-
cal and biological properties of the drugs are listed in
Table S4. The median of all Py values for a drug was taken
as the P for the rest of the body. The calculated partition
coefficient values are listed in Table S5.

Estimation of PK parameters

By fitting our model output to available time-dependent
plasma concentration data, PK parameters, that is, ab-
sorption rate (k,) and systemic CL of the drug, were es-
timated by minimizing the objective function. Model
output plasma concentrations for oral doses of rifampicin
(450mg), ethambutol (400mg), isoniazid (300mg), and
pyrazinamide (2000 mg) were fitted to reported plasma
concentration data'?>'® for each drug. For isoniazid, we
take studies that specifically measure plasma drug con-
centrations in individuals who have been identified and
grouped as either a slow acetylator (SA) or fast acetyla-
tor (FA; i.e., slow or fast metabolizer) and use these to
estimate PK parameters in each group of metabolizers.
Because several data sets were available for each type
of metabolizer, separate sets of studies were used for
model calibration and model validation. Fractional renal
CL values were taken from previous reports, as listed in
Appendix S1. The gut reabsorption rate for rifampicin was
set to 0.17/h based on the reported value.’

The objective function used was weighted sum of
squares error, defined in Appendix S1. Goodness-of-fit
plots were constructed to quantify the match of model
simulations to clinical data, including data that were not
used for parameter estimation. Estimated parameters
were used unchanged in all further simulations.
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Simulation

The system of ODEs was numerically solved using ode15s
in MATLAB 2020 (The MathWorks, Inc.) to obtain time-
series drug concentration prediction for the four first-line
TB drugs in different tissues and organs; fitnlm was used
for parameter estimation. The predictions of the model
were validated using available drug concentration data.
Simulated plasma concentrations for standard oral doses
of rifampicin (600mg), ethambutol (1200 mg), isoniazid
(300mg), and pyrazinamide (1500 mg) were plotted along
with reported plasma concentration data'*'*'7%° for
each drug dose. At the start of the dosing regimen, there
is a transient lasting several days when the average daily
concentration increases and then reaches a steady state.
While simulating drug concentrations in EPTB organs,
unless mentioned otherwise, 24-h time profiles of the drug
concentration at Day 7 after the start of the drug treatment
were used to represent the long-term daily profile of drug
concentration. In the pleura, Day 8 concentrations were
simulated because the reported data for rifampicin, iso-
niazid, and pyrazinamide was for the eighth day after the
start of the dosing regimen. Simulated pleural drug con-
centrations for oral doses of rifampicin (600 mg), etham-
butol (1200mg), isoniazid (300mg), and pyrazinamide
(1500mg) were plotted along with reported concentration
data®”* for each drug dose. None of the data used for
model calibration were used for validation of the simula-
tions. Plots comparing simulated and experimental values
were constructed wherever in vivo data were available.

Model output concentrations were compared with
the WHO-prescribed critical concentration for each
drug,*®*" which is the lowest drug concentration that
inhibits growth of 95% of M. tuberculosis strains isolated
from untreated patients, but does not inhibit growth of
strains isolated from patients resistant to that drug.*' As
pyrazinamide activity depends on the surrounding pH, in
addition to the critical concentration at pH 6.0, MIC at pH
5.5-5.7°% was also considered for comparison.

RESULTS
PBPK model incorporating EPTB sites

We extended a previously reported PBPK model to include
two major sites of EPTB, that is, pleural space and lymph
nodes. This new model is shown in Figure 1. We introduce
a “lymph node” compartment similar to the venous and
arterial blood compartments to represent the lymphatic
system. This compartment collects afferent lymph from or-
gans (except bone and spleen) and drains into the venous
blood compartment. The pleural space is represented as a
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< QB Ly,
< = Brain 2
< QHr LHr Heart QH,
< QAd - LAd
< Adipose Qg
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FIGURE 1 Schematic diagram of the whole-body
physiologically-based pharmacokinetic model incorporating
pleura and lymph node compartments (highlighted). Blood flows
to an organ/tissue T with a flow rate Q; and leaves with a flow
rate Qp — Ly, where Ly is the lymph flow rate from T. The drug

is administered orally. CLy (= fg x CL, where CL is the systemic
clearance) and CLy (= (1 — fg) x CL) represent renal and hepatic
clearance, respectively.

subcompartment of the lung that receives filtrate from the
lungs and drains to the lymph node. This representation
of physiology is consistent with reports that pleural fluid
is a microvascular filtrate flowing in through the parietal
pleural capillaries,*** and removal of this fluid from the
pleural space occurs mainly via lymphatic stomata in the
parietal pleura.***> Additional details on the formulation of
the compartments are given in Appendix S1.

The model consists of 17 perfusion-limited, well-stirred
tissue compartments connected by blood and lymph flow
and parameterized by known physiological values from
literature as well as calculated tissue:plasma partition
coefficients and PK parameters. The model is described
using a system of 18 ODE:s listed along with the param-
eters used in Appendix S1. Concentration-time profiles
in various tissues and organs were simulated for the four
first-line anti-TB drugs: rifampicin, ethambutol, isoniazid,
and pyrazinamide. In addition, as the PK of isoniazid var-
ies significantly depending on the acetylator status of the
individual, we model two cases with two different sets of
PK parameters: SA and FA.

Oral administration of drug was assumed and is repre-
sented by introduction of the drug into the gut compart-
ment with first-order absorption. First-order elimination
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was assumed. Rifampicin is known to undergo enterohe-
patic circulation.*® This was modeled as first-order reab-
sorption of the drug from the gut lumen.

Model calibration and validation
Model calibration

The model-predicted plasma concentrations of the drugs
were fit to reported data. The drug absorption rate and
systemic CL values were estimated by minimizing the
weighted sum of squared error between model pre-
dictions and reported drug concentrations. The pre-
dicted PK parameter values are listed in Table S7 in
Appendix S1. Figure 2 shows the fitted curves and re-
ported data for plasma concentration. Goodness-of-fit
plots for predicted (from model) and observed (from lit-
erature) drug concentrations in the plasma, and values
of correlation coefficient r are shown in Figure S1. After
calibration, the model fits the literature data well (r> 0.8
for all drugs). In the predicted parameters, FA have a
higher CL value than SA, as expected. The experimental
data used here for model calibration was not used fur-
ther for validation.

Model validation

The developed model was validated using reported
plasma concentration data for each drug to assess the
efficacy of the formulated model. Data different from
that used for parameter estimation were used for vali-
dation. The obtained simulation results are shown in

Figure 3. Goodness-of-fit plots for predicted and ob-
served drug plasma concentrations can be found in
Figure S2. Parameters are unchanged from calibrated
values. The only parameter that is varied is the dose ad-
ministered. It is seen that the model is able to simulate
data not used in model calibration, as signified by the
rvalues (r> 0.7 for all drugs), indicating the robustness
of model prediction.

Model prediction of drug concentration
Pleura

Lymph node TB and pleural TB are the most common
forms of EPTB. To address pleural TB, we incorporated
a pleural fluid compartment in the model to predict the
concentration of first-line anti-TB drugs and hence ap-
proximate their effectiveness against pleural TB. The
parameter values are not changed from the calibrated
values. Dose administered is set to the experimentally re-
ported value. The simulated Day 8 drug concentrations in
the pleura are shown in Figure 4. Despite the absence of
calibration with pleural concentration data, the model is
able to capture the kinetics of pyrazinamide concentration
in the pleura with a correlation coefficient greater than
0.8 (see Appendix S1). However, the model overpredicts
the pleural concentration of rifampicin. This is consistent
with the observed trend of rifampicin exhibiting less pen-
etration into the pleura than the other first-line drugs.”’
Predicted concentrations of pyrazinamide and etham-
butol are below their prescribed critical concentrations,
whereas those of rifampicin and isoniazid are well above
their critical concentrations.

10 Rifampicin 1 Ethambutol
A Acocella, 1978 Strauch et al., 2011
st Furesz, 1970 | {08} 4 (Etb-91-400B)
Simulated A Strauch et al., 2011
(Etb-ref-400)

Simulated

£
> FIGURE 2 Model-predicted
I .
= plasma concentrations for oral doses of
-% ‘ . . . ‘ ‘ . , - rifampicin (450 mg), ethambutol (400 mg),
£ 0 5 10 15 20 25 30 0 5 10 15 20 25 isoniazid (300 mg), and pyrazinamide
S - N
S g isonlazid 50 Pyrazinamide (2000 mg) were fitted to reported plasma
38 A Galicano et al., 1994 (FA) A Lacroix etal., 1988 concentration data for each to estimate
© = = =Simulated (FA) 40 Simulated i i
c 6 5 A Gallicano et al., 1994 (SA) | drug pharmacokinetic parameters. The
7] Simulated (SA . .
g N imulated (SA) parameters are listed in Tables S2-

\

S6 in Appendix S1. The predicted PK
parameters are listed in Table S7 in
Appendix S1. FA, fast acetylator; SA, slow
acetylator. Etb-91-1400B and Et-ref-400

25 0 10 20

Time (hours)

30 40 50

are specific ethambutol products used by
Strauch et al. in their study.
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Lung tissue

We used the model to simulate lung tissue concentra-
tions and compared these with experimental data. The
parameter values used in the simulation are not changed
from the calibrated values. Dose is set to the experimen-
tally reported value. Lung tissue concentration-time
data for the drugs for output validation were taken from
the literature.’®* The simulated lung tissue concen-
trations are shown in Figure 5. Despite the absence of
calibration with lung concentration data, the model is
able to capture the kinetics of drug concentration in the
lung (except ethambutol) with a correlation coefficient
greater than 0.5 (see Appendix S1). The model predicts
that although rifampicin and isoniazid concentrations

Time (hours)

are above the critical concentration for a large percent-
age of time, the concentration of ethambutol is below the
critical concentration for a large fraction of time, and the
concentration of pyrazinamide is always below its criti-
cal concentration.

Extrapulmonary sites

Time-dependent concentrations of the four drugs
were simulated at other potential sites of EPTB and
compared with their critical concentrations to predict
their effectiveness at combating infection at these sites.
Figure 6 shows the Day 7 concentrations of the drugs.
For reference, the critical concentrations are also
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FIGURE 5 Simulated lung tissue drug concentrations for oral doses of rifampicin (600 mg), ethambutol (1200 mg), isoniazid (300 mg),
and pyrazinamide (1500 mg) plotted along with reported concentration data for each drug dose. Day 1 concentrations are simulated for
rifampicin, isoniazid, and pyrazinamide and compared with the study by Prideaux et al.*® Day 7 concentrations for ethambutol are simulated
as the reported data they are compared with correspond to long-term drug concentrations in the tissue after daily administration. The model
parameters used are listed in Appendix S1. The gray dashed line represents the critical concentration of each drug. FA, fast acetylator; SA,
slow acetylator; CC, critical concentration.

o5 Rifampicin 20 Ethambutol FIGURE 6 Simulated Day 7
——— Lymph Node drug concentrations at various sites
2 15 SZ’:{Q of extrapulmonary tuberculosis for
15 —— Skin recommended oral doses of rifampicin
10 10 Kidney (600 mg), ethambutol (1200 mg), isoniazid
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shown. Drug concentrations at different EPTB sites
relative to that in the lung compartment over time are
shown in Figure S5.

Although isoniazid achieves a peak concentration that
is quite high relative to its critical concentration in both
FA and SA, rapid metabolizers are unable to maintain this
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as the drug is rapidly eliminated. Rifampicin appears to
achieve a peak concentration higher than its critical con-
centration in all cases and stays above this concentration
for a large fraction of the time in all organs. According
to our predictions, ethambutol is unable to reach a con-
centration higher than the critical concentration in brain,
kidney, bone, and skin compartments. An important point
to consider for ethambutol and rifampicin is their limited
penetration into the cerebrospinal fluid (CSF), especially
when meningeal inflammation is not too prominent.*’ As
this is not taken into account, the model probably over-
predicts the in vivo concentrations of these drugs in the
brain and the actual concentrations are even smaller. In a
study where patients were administered 600 mg of rifam-
picin via infusion approximately 3h before surgery, the
highest observed concentration in normal brain tissue was
just 0.56 pg/ml.** Although intravenous administration re-
sults in higher concentrations than those attained by oral
administration of the same dose, this value was much
less than that predicted by our model around this time-
point. Pyrazinamide and isoniazid do not face this issue
of poor central nervous system penetration and hence are
vital in the treatment of tuberculous meningitis (TBM).*
Pyrazinamide, in its current dose, fails to attain its critical
concentration in any of the organs in our simulations. A
study on 7H10 agar determined pyrazinamide MIC to be
around 18-22pg/ml at a pH of 5.5.** The mean estimated
concentrations of pyrazinamide are lower than even this
lowered MIC in all tissues.

DISCUSSION

The objective of our work was the development of a
whole-body PBPK model to study the disposition of the
four first-line anti-TB drugs rifampicin, ethambutol, iso-
niazid, and pyrazinamide in an EPTB context, focusing on
lymph node TB and pleural TB, the predominant forms of
EPTB. To our knowledge, this is the first PBPK model for
TB to include these infection sites. We added two compart-
ments to a previously reported whole body-PBPK model:
a consolidated lymph node compartment and pleura.
Following the estimation of PK parameters, our model
was able to estimate the in vivo concentration-time pro-
files of each drug in different tissues/organs. Validation of
the projected concentrations would require tissue concen-
tration data that are unavailable for most cases because
of the need for invasive sampling. Hence, we use plasma
concentrations and limited pleura and lung tissue concen-
tration data for this purpose.

As we assume drug susceptible TB in our model, we
consider critical concentrations of the drugs (as pre-
scribed by WHO) as these concentrations inhibit 95% (90%
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for pyrazinamide) of wild strains of the target bacteria. We
use the critical concentration as it inhibits all strains of
the bacteria considered “wild-type.” There are other mea-
sures for clinically desirable concentration levels such as
the caseum MBC90 value. We have compared model pre-
dictions to these values (Figures S3 and S4) and find that
the conclusions are not qualitatively different. We also
assume that there are no clinically significant drug-drug
interactions between the four drugs* and that the PK of a
drug are independent of the concentration of the others.
It has been shown that rifampicin can increase levels of
cytochrome P450, increasing its own metabolism.** We do
not incorporate the autoinduction demonstrated by rifam-
picin. In addition, we consider the PK of the drugs to be
similar in people with and without TB and do not consider
age-dependent PK properties. We also assume perfusion-
limited drug concentrations and hence do not account for
transport rates across intracompartmental boundaries.
We also do not account for bound (to cells) and unbound
drug concentrations, and the only parameter defining rel-
ative blood and tissue concentrations is the partition co-
efficient. A detailed model without assumptions requires
the evaluation of additional parameters, and data at EPTB
sites are sparse. Nevertheless, such a model would be more
accurate and presumably able to better simulate drug dis-
tribution kinetics.

Apart from these assumptions, another limitation
of our model is the assumption of a consolidated single
lymph node compartment. There are around 600 lymph
nodes in the body, and a combined compartment is clearly
not an accurate representation of this anatomy. Moreover,
drug distribution to all lymph nodes will not be equal.
Nonetheless, studying the drug disposition to the lymph
nodes is pertinent when discussing EPTB treatment. As
such, our model may be regarded as the first step in the
incorporation of lymph nodes in whole-body PBPK mod-
els for TB.

Despite these assumptions, our model, calibrated
using one set of experimental data, shows good agree-
ment with data from a different source. It is also able
to predict ethambutol, isoniazid, and pyrazinamide
concentrations in the pleura that match reported exper-
imental values from a study that was not used for ei-
ther calibration or validation. The expected maximum
plasma concentration (C,,,,) of the drugs administered
at their standard adult doses are 8-24 pg/ml for rifam-
picin, 2-6 pg/ml for ethambutol, 3-5pg/ml for isoni-
azid, and 20-50pg/ml for pyrazinamide achieved at
expected times (t,,,) of 2h, 2-3 h, 0.75-2h, and 1-2h,
respectively.*> Our simulations are consistent with these
observations.

We used our model to predict time-dependent
concentrations of the four first-line anti-TB drugs in
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extrapulmonary organs. Rifampicin attained a peak
above its critical concentration in all simulated cases.
However, in the pleural fluid compartment, our model
seems to greatly overpredict the time-dependent con-
centrations of the drug. Reported pleural fluid drug
concentrations appear to barely cross the critical con-
centration threshold. In a study, the authors observed
that rifampicin levels in the pericardial effusion of
pericardial TB patients were lower than expected. They
hypothesize that a plausible explanation for this is the
thickening of pericardial layers or fibrosis.*® Something
analogous could be a reason for the dramatically lower
concentrations in the pleura as pleural fibrosis is a
known complication of tuberculous pleural effusion.*’
In addition, as it is highly protein bound, rifampicin ex-
hibits limited penetration into CSF,* and treatment of
tuberculous meningitis might benefit from an increased
dosage. In vivo, rifampicin bioavailability is also affected
by its metabolism autoinduction.

Ethambutol fails to reach a concentration above its pre-
scribed critical concentration in the brain, kidney, bone,
and skin compartments. It has been observed that CSF
ethambutol concentrations are too low to be quantifiable
in healthy volunteers and is detectable in low amounts
in TBM patients with inflamed meninges.40 Hence, with
rehabilitation, the contribution of ethambutol to therapy
becomes negligible. In the other tissues/organs its max-
imum concentration exceeded the critical concentration.

Isoniazid concentrations are above the critical thresh-
old in all compartments, in both FA and SA. However,
the C,,, and time above the critical concentration vary
greatly. As expected, slow metabolizers attain a greater
peak concentration C.,, in all compartments and are
able to maintain the drug concentration above the effec-
tive concentration for a relatively longer period of time.
Therefore, customization of the dosage of isoniazid based
on the acetylator status of the individual may prove to be
beneficial. Isoniazid has been reported to be antagonistic
toward rifampicin*** and pyrazinamide.“g’50

In our simulations, pyrazinamide does not achieve a
maximal concentration higher than its MIC or critical
concentration in any compartment. Environmental pH
has been seen to play an important role in the sterilizing
activity of pyrazinamide. Hence, we take pH into account
while setting effective concentration cutoff for this drug.
Pyrazinamide's antibacterial activity has been shown to
increase with decreasing pH values.*> A more detailed
analysis of the relation of pyrazinamide's sterilizing ac-
tivity to the environmental pH and how this affects treat-
ment is provided in Appendix S1.

In many organs, we observe that the simulated C,,, of
the drug does not cross the critical concentration barrier, or
the drug concentration does not stay above this threshold

for a long period of time. However, this cocktail of drugs is
universally prescribed for all forms of TB.° Synergistic action
of the drugs that enhances the antimycobacterial effects of
these drugs is not accounted for in the model. In addition, in
the host, the bacteria experience immune-mediated stress.
Our model currently only focuses on the PK of the drugs
and hence is limited to not include details of TB infection,
such as the granuloma. Hence, a quantitative systems phar-
macology model including the pharmacokinetics/pharma-
codynamics of the drug as well as the immune processes in
the body might provide a more holistic picture.

PBPK modeling offers a number of advantages.
Interindividual variability within a demographic or across
different demographics can be integrated into a model.
This technique can be immensely useful in preclinical
drug development. It can also be valuable in evaluating
potential new regimens, since it is desirable that drugs
reach their targeted concentrations in particular organs
while avoiding problems associated with higher doses. A
more detailed and intensive in vivo analysis of drug con-
centrations and PK at EPTB sites is required to understand
the effectiveness of the currently prescribed regimen and
can help optimize dosing studies of EPTB. The model and
results presented here will serve as a starting point for
such studies of drug distribution at EPTB sites.
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